expensive randomized trials with hard clinical end points in people already receiving effective drugs for CHD prevention. Approaches that help validate treatment targets ahead of such trials may help reduce the risk of late-stage failures in drug development. One approach has been to use a noninvasive measure of atherosclerosis, carotid intima-media thickness (CIMT), as a surrogate end point. CIMT is considered to be a subclinical measure of atherosclerosis, which is strongly associated with risk of CHD. 8, 9 LDL-C-lowering statin drugs that are effective in reducing CHD also reduced progression of CIMT in proportion to the degree of LDL-C lowering. [10] [11] [12] However, interventions developed so far that reduce TGs or raise HDL-C have shown inconsistent effects on CIMT, [13] [14] [15] making it uncertain whether the specific agents are ineffective for CHD prevention, whether these 2 lipid fractions, in general, are not causally related to CHD and, therefore, invalid targets, or whether CIMT is an inadequate marker of HDL-C or TG-mediated effects on CHD risk.
Mendelian randomization (MR) provides a means of evaluating and quantifying the extent to which associations between a putative risk factor (eg, HDL-C or TGs) and an outcome, such as CHD or CIMT, are causal. 16 MR uses genetic variants as proxies for the risk factor of interest to overcome some common limitations of nongenetic observational studies. The random allocation of parental alleles to offspring at meiosis results in population distributions of genetic variants that are largely independent of environmental factors that typically confound epidemiological associations between putative risk factors and disease, while the unidirectional flow of biological information from gene to risk factor and then to disease outcome avoids reverse causation. 17 Using large-scale single-nucleotide polymorphism (SNP) arrays, many SNPs influencing LDL-C, HDL-C, and TGs have recently been identified, 18, 19 and these provide potential instruments for MR analyses. Independently inherited SNPs contributing to the levels of these lipids act approximately additively, such that each individual in a population can be assigned a genetic score based on the number of trait-raising alleles carried. Genetic scores derived from a combination of variants should provide stronger and more specific instruments for lipid traits compared with a single SNP and increase the power to conduct MR analysis.
In this study, we generated genetic scores for LDL-C, HDL-C, and TGs based on SNPs present on the gene-centric Illumina Cardiochip 20 that were found to be associated with each of the 3 lipid fractions in the Whitehall II study (WHII). 18 We used these genetic scores to estimate the causal association among the 3 major blood lipid fractions and common CIMT in ≈3000 participants from the WHII 21 and ≈3400 individuals from the IMT Progression as Predictors of Vascular Events in a High Risk European Population (IMPROVE) study 22 using an instrumental variable analysis. We compared the causal estimates with those derived using genetic scores based on the Global Lipids Genetic Consortium (GLGC) lipid-associated SNPs, which were independently identified by a meta-analysis in more than 100 000 individuals. 19 
Methods

Study Participants
WHII recruited 10 308 participants (70% men) between 1985 and 1989 from 20 London-based Civil Service departments. 21 The study was approved by the University College London (UCL) Research Ethics Committee, and participants gave informed consent to each aspect of the study. Clinical measurements were taken at 5-year intervals. Clinical data were available from 4 phases (phase 1, 1985-1988; phase 3, 1991-1993; phase 5, 1997-1999; and phase 7, 2003-2004) . Phase 3 (1991 Phase 3 ( -1993 provided the first comprehensive phenotyping and is considered the baseline phase.
The IMPROVE study 22 recruited 3711 individuals (48% men) between March 2004 and April 2005 from 7 centers in 5 European countries with a median age of 64.4 years. Eligibility criteria included age between 55 and 79 years, presence of at least 3 vascular risk factors, absence of symptoms of cardiovascular diseases, and any conditions that might limit longevity or visualization of the carotid intima. The study was designed in accordance with the rules of Good Clinical Practice and with the ethical principles established in the Declaration of Helsinki. Informed consent was obtained from all participants. Baseline measures were available for this analysis.
Lipid and CIMT Measurements
In WHII, lipid measurements from phase 3 were used in this analysis because few participants were on lipid-modifying medication compared with follow-up phases, whereas ultrasound vascular measurements were only available at phase 7 (2003-2004) . Measurement of serum lipids and common CIMT in WHII and IMPROVE is described in detail in the online-only Data Supplement Methods section.
Genotyping and Quality Control
For WHII participants, DNA was extracted from whole blood samples as previously described. 18 Five thousand five hundred ninety-two samples were genotyped using the Illumina Human Cardiochip, 20 and 3413 were later genotyped using the Illumina Metabochip. 23 After quality control (filtering for duplicates, cryptic relatedness, ambiguous sex, self-reported nonwhites, outliers based on the genome-wide identity-by-state analysis implemented in PLINK, sample call rate <80%, and SNP call rate <98%), 5059 Cardiochip genotyped samples and 3126 Metabochip genotyped samples individuals were available for the analysis.
In the IMPROVE study, DNA was extracted as described by Baldassarre et al. 22 In total, 3695 samples were genotyped using the Illumina Metabochip. After quality control (using call rate <95% and removing individuals for relatedness [confirmed or cryptic], reported non-European descent, outliers identified by multidimensional scaling, estimated inbreeding [excessive homozygosity], and mismatch between recorded and genotype-determined sex), 3430 individuals remained for this analysis.
Derivation of Lipid Genetic Scores
Two lipid genetic scores were derived: 1 from a discovery-based analysis using the Illumina Human Cardiochip in WHII, 18 and 1 based on lipid-associated variants reported by the GLGC. 19 
Cardiochip Score
SNPs previously found to be associated with baseline LDL-C, HDL-C, or TGs in WHII 18 were included in a stepwise variable selection scheme with the Bayesian Information Criterion, 24 implemented separately for each chromosome, to select the best genetic predictors for each lipid trait. 18 For each lipid fraction, the risk allele counts (LDL-C and TG-raising alleles and HDL-C-reducing alleles) for the selected SNPs were weighted using the risk-allele β-coefficient obtained from a ridge regression 25 in WHII, using the Lawless and Wang estimate of the ridge constant. 26 The ridge regression is a variant of ordinary multiple linear regression that shrinks the β-coefficients of redundant SNPs, thereby circumventing issues that may arise if highly correlated SNPs are retained by the variable selection model. In both the variable selection and ridge regression, sex and age were added in the baseline model. The final genetic score for each participant was the sum of the weighted risk allele count. Apolipoprotein E (APOE) is a major determinant of LDL-C levels, and the effect of the APOE haplotype was included in the LDL score calculation. Of the 2 SNPs that determine the major APOE isoforms (ApoE2, ApoE3, and ApoE4), only 1 (rs7412) is represented on the genome-wide and gene-centric platforms used in WHII and GLGC. In both studies, the 2 SNPs (rs7412 and rs429358) had been separately genotyped, and haplotypes determined. 22, 27 We used the previously reported effect of the APOE haplotypes on LDL-C, from a meta-analysis in 61 463 healthy participants, to generate a weighted APOE score. Based on the latter study, using ε3/ε3 individuals as reference, 28 the APOE haplotype was scored as follows: ε2ε2=−0.9, ε2ε3=−0.4, ε2ε4=−0.2, ε3/ε3=0, ε3ε4=0.1, and ε4ε4=0.2. The SNPs used in the Cardiochip scores are shown in online-only Data Supplement Tables I-III . The same weights were used to calculate lipid genetic scores for individuals in the IMPROVE dataset.
GLGC Score
A threshold of P<5×10 −8 was used by the GLGC to denote association between SNPs and lipid traits. 19 For the purpose of the genetic score calculation, only the lead SNP from each locus was selected, and if a SNP was associated with >1 lipid fraction, it was only used in the genetic score calculation for the trait with which it had the most significant association P value. Risk allele counts were calculated in WHII and IMPROVE and weighted using the reported univariate βcoefficients. Because the discovery of these SNPs was performed in an independent dataset and only a single SNP was selected at each locus, the issues of inflated instrument strength because of discovery bias and linkage disequilibrium were minimized. The SNPs used in the GLGC scores are shown in online-only Data Supplement Tables I-III. For both sets of scores, SNPs not present in the data (because they were not represented on the genotyping platform or failed quality control) were excluded from the genetic score calculations. Individuals with missing genotypes were also excluded from the analysis.
Strength and Association of Lipid Levels With Lipid Genetic Scores
We evaluated the association of lipid levels with their respective genetic scores using linear regression, with no adjustment for covariates. The proportion of variance explained (R 2 ) and the F-statistic were reported as measures of the strength of each genetic score as an instrument. 29 To show the benefit of using a combined genetic score as an instrument over a single SNP, we compared the R 2 of the GLGC scores (because these are not affected by discovery bias) with the most strongly associated SNPs for each trait, namely, rs651821 (proxy for the APOA5 SNP rs662799, previously reported to be associated with TG levels and CHD), 30 rs17231506 (proxy for the CETP Taq1B polymorphism associated with HDL-C), and the APOE haplotypes that create the ApoE2/ E3/E4 isoforms.
Direct Associations of Blood Lipid Fractions With CIMT
Association of CIMT with lipid levels was determined using linear regression, with and without adjustment for sex, age, smoking, diabetes mellitus status, and statin use.
Instrumental Variable Analysis
To evaluate the causal association of each lipid fraction with CIMT, we performed an instrumental variable (IV) analysis using the 2-stage least squares method, 31 whereby each genetic score was used as an instrumental variable for the unconfounded and unbiased effect of the respective lipid fraction on CIMT. No adjustment was made for covariates. A meta-analysis of the effect estimates was also performed using a fixed-effect model. We repeated the 2-stage least squares method analysis using lipid levels that were corrected for statin use. For statin users, the recorded lipid values were multiplied by a constant: LDL-C by 1.352, HDL-C by 0.949, and TG by 1.210. The multiplicative correction factors were based on analysis of repeatedly measured lipid levels, including levels measured before and after lipid-lowering treatment, in WHII. This methodology has been used in the most recent large-scale lipid meta-analysis. 32 
Results
Study Characteristics
Population characteristics and sample sizes with both genotype and phenotype data are shown in Table 1 . The mean age of IMPROVE participants in this analysis was 64.2 years (SD=5.4), similar to the mean age of WHII participants at the follow-up phase when CIMT measurements were taken (60.9 years [SD=6.0]). Mean CIMT in IMPROVE and WHII was 1.17 mm (±0.33) and 0.79 mm (±0.15), respectively. The lower mean LDL-C level in IMPROVE (3.55 mmol/L; SD=1.00) compared with WHII (4.37 mmol/L; SD=1.01) may partly be explained by the larger proportion of participants on statin medication (40% versus 0.9%, respectively).
Cardiochip Lipid Genetic Scores
Seventeen SNPs (including the 2 APOE SNPs genotyped separately) were used for the LDL genetic score, and 12 and 13 SNPs, respectively, for the HDL and TG genetic scores (online-only Data Supplement Tables I-III) . After applying quality control filters, all SNPs were available in the WHII dataset. In the IMPROVE dataset, 13 LDL (including 2 APOE SNPs), 11 HDL, and 9 TG SNPs were available for the score calculation.
GLGC Lipid Genetic Scores
Of the lead SNPs reported by the GLGC meta-analysis, 12 (including 2 APOE SNPs) were used for the GLGC LDL score, and 29 and 16 SNPs, respectively, were used for the HDL and TG genetic scores (online-only Data Supplement  Tables I-III ). In WHII, all LDL SNPs, 28 of 29 HDL SNPs, and all TG SNPs were present. In IMPROVE, 10 (including 2 APOE SNPs) of 12 LDL SNPs, 28 of 29 HDL SNPs, and all TG SNPs were present in the genotype data after quality control filters were applied. 
Association of Lipid Levels With Lipid Genetic Scores
A 1 SD higher Cardiochip LDL genetic score was associated with 0.37 (95% confidence interval [CI], 0.34-0.39) and 0.16 mmol/L (95% CI, 0.13-0.20) higher LDL-C in WHII and IMPROVE, respectively. A 1 SD higher HDL genetic score was associated with 0.11 (95% CI, 0.10-0.12) and 0.08 mmol/L (95% CI, 0.07-0.09) lower HDL-C in WHII and IMPROVE, respectively. A 1 SD higher TGs genetic score was associated with 0.25 (95% CI, 0.22-0.28) and 0.25 mmol/L (95% CI, 0.21-0.29) higher TGs in WHII and IMPROVE, respectively ( Figure 1A) . Differences in lipid levels associated with the GLGC genetic scores were in the same direction but were slightly lower in magnitude in both studies ( Figure 1B ).
Lipid Genetic Scores as Instruments for MR Analysis
The Cardiochip genetic scores explained 13% and 3% of the total variance in LDL-C, 7% and 5% of the variance in HDL-C, and 5% and 4% of the variance in TGs in WHII and IMPROVE, respectively. The GLGC genetic scores explained 11% and 2% of the total variance in LDL-C, 4% and 5% of the variation in HDL-C, and 2% and 2% of the variation in TGs levels in WHII and IMPROVE, respectively. All scores had large F-statistics ( Table 2 ). The WHII R 2 and F-statistics for the Cardiochip scores are likely to be inflated because of discovery bias, and the higher sample size in WHII for the Cardiochip scores will also contribute to a higher F-statistic. The considerably lower R 2 values for the LDL genetic score in IMPROVE may reflect the large number of individuals on statins. In all cases, the genetic scores were much stronger instruments than individual SNPs. Comparison of the GLGC genetic scores with single SNPs in WHII is shown in onlineonly Data Supplement Figure I , which also shows that the genetic scores have improved specificity as instruments over single SNPs with respect to the 3 lipid fractions.
Direct Association of Blood Lipid Fractions With CIMT
After adjustment for age, sex, smoking, diabetes mellitus status, and statin use, only LDL-C and HDL-C were associated with CIMT (Table 3) . A 1 mmol/L higher LDL-C was associated with 0.01 mm (95% CI, 0.006-0.02) and 0.02 mm (95% CI, 0.005-0.03) higher CIMT in WHII and IMPROVE, respectively. A 1 mmol/L higher HDL-C was associated with 0.02 mm (95% CI, 0.01-0.04) and 0.05 mm (95% CI, 0.02-0.08) lower CIMT in WHII and IMPROVE, respectively.
Instrumental Variable Analysis
Based on the meta-analysis of the estimates derived from the instrumental variable analysis, a 1 mmol/L higher LDL-C was associated with 0.03 mm (95% CI, 0.01-0.04; P=0.0002) and 0.04 mm (95% CI, 0.02-0.06; P<0.0001) higher CIMT, when using the Cardiochip and GLGC LDL genetic scores, respectively, as instruments ( Figure 2 ). HDL-C and TGs were not found to be associated with CIMT using instrumental variable analysis ( Figure 2 ). There was no change in the overall IV estimate when using lipid levels corrected for statin use (Figure 3 ).
Discussion
LDL-C, HDL-C, and TG genetic scores were used in a MR analysis to assess the causal relationship between each lipid fraction and CIMT. Although there was a positive association between directly measured LDL-C and CIMT and a negative association between directly measured HDL-C and CIMT, the results from the MR analysis support a causal association with LDL-C only. Despite differences in cohort characteristics (ie, healthier individuals and much smaller proportion on lipid-lowering medication in WHII compared with IMPROVE), the different effect of genetic score on lipid levels (smaller in the IMPROVE study) and the different SNPs used in the 2 genetic scores (Cardiochip versus GLGC), the association between LDL-C and CIMT was found to be consistent in both studies. Although the genetic scores were comparable instruments for HDL-C and TGs, no effect on CIMT was found for these 2 genetic scores.
One criterion for causality is assessing the concordance of effect estimates from different study designs. In our study, using GLGC genetic variants as instruments for LDL-C yielded a 0.04 mm difference in CIMT per mmol/L difference in LDL-C. To contextualize these findings, a meta-analysis of 11 statin trials 11 found that after treatment with statins (mean treatment duration of 25.6 months), there was a significant reduction in the mean LDL-C (pretreatment, 168.6±33.3 mg/ dL; posttreatment, 102.33±27.9 mg/dL; P<0.05; n=2132) and also a 0.04 mm (95% CI, 0.028-0.052) difference in mean CIMT between statin therapy arm and placebo arm (Bedi et al 2010) . 10 This is roughly equivalent to a 0.02 mm decrease in CIMT per mmol/L decrease in LDL-C, and therefore reasonably consistent with the genetic data.
Clinical Perspective
Randomized controlled drug trials with hard clinical end points require a large number of participants and follow-up over a long period, making them technically and financially challenging. As a result, clinically related, laboratory-derived surrogate end points have been used as alternative end points in these situations. CIMT has been used as a surrogate end point in many lipid-modifying drug trials to help inform later cardiovascular disease end-point trials. [33] [34] [35] [36] However, the suitability of CIMT as a surrogate marker in cardiovascular drug trials has come under debate because of conflicting trial results, for example, the Stop Atherosclerosis in Native Diabetics Study (SANDS) 37 and Fenofibrate Intervention and Event Lowering in Diabetes (FIELD) 38 trials. The underlying assumption in randomized trials using CIMT as a surrogate marker is that the rate of change in CIMT over time in response to drug therapies reflects the change in the risk of cardiovascular outcomes. The majority of CIMT trials have short follow-up periods and modest sample sizes and, therefore, lack power to identify associations with cardiovascular outcomes. Rather, they are designed to provide inferences on cardiovascular outcomes based on a presumed inverse relationship between atherosclerosis progression and cardiovascular benefit. 39 A recent large-scale meta-analysis of 41 randomized trials assessing CIMT at baseline and follow-up after treatment, 40 including 18 307 participants, concluded that regression of CIMT induced by cardiovascular drug therapies was not associated with a reduction in cardiovascular events. Although the meta-analysis was technically sound, the heterogeneity in the interventions evaluated, the methods used for CIMT measurement, the outcome definition, study design, population characteristics, and follow-up time among the 41 trials may have reduced the ability to detect an association between CIMT and cardiovascular event reductions in such trials.
The aim of the Action to Control Cardiovascular Risk in Diabetes (ACCORD) 5 Lipid trial was to test whether treatment of patients with type 2 diabetes mellitus with fenofibrate, to increase plasma HDL-C levels and reduce plasma TG concentrations, would result in additional cardiovascular benefit compared with simvastatin (LDL-lowering) therapy alone. Although the addition of fenofibrates to statin treatment did not show any significant reduction in clinical events in the placebo versus treatment groups, subgroup analyses suggested benefits of fenofibrate therapy in mixed dyslipidemia individuals. Similar results were reported in post hoc analyses performed in other fibrate studies. 41 Therefore, an MR analysis to determine causality among HDL-C, TGs, and CIMT in a sufficiently large mixed dyslipidemia sample would be worthwhile.
Our findings suggest that CIMT is likely to be a reliable surrogate outcome measure in randomized trials of LDLlowering therapy, but because of the lack of evidence for an association of HDL-C and TGs genetic scores, and CIMT, they cast doubt on the use of CIMT in trials of HDL-C-and TG-modifying therapies.
Previous MR Studies Based on Lipid-associated SNPs
To date, there have been few MR studies addressing association of lipids with CIMT or CHD. A study by Aulchenko et al 42 generated genetic scores for total cholesterol, LDL-C, HDL-C, and TGs based on 28 SNPs (identified before the GLGC study). They looked at the direct association of the genetic scores with CIMT and found only the total cholesterol genetic score to be associated with CIMT. However, they did not use an instrumental variable approach to estimate the causal effect. The GLGC 19 found 4 lipid-associated SNPs to also be associated with CAD, but they did not attempt to quantify the causal effect of the lipid fractions using an instrumental variable approach. The Triglyceride Coronary Disease Genetics Consortium and emerging Risk Factor Collaboration compared the risk of genetically (using the APOA5 SNP rs662799) elevated TGs levels among more than 20 000 CHD cases and 35 000 controls. 30 They concluded that there was a causal role for TG-mediated pathway(s) in CHD. However, the APOA5 variant was also associated with HDL-C levels in their study. The association of genetically determined TG levels with CHD was also attenuated to the null after adjusting not only for HDL, but also for non-HDL-C and other variables. This nonspecific effect of rs662799 compromises 1 key assumption for a valid MR analysis of a biomarker and complicates the interpretation of the results. The latter 2 studies did not look at the association of lipid-associated SNPs with CIMT, which is the objective of this study.
Limitations
The validity of the MR analysis may be compromised by (1) population stratification, where allele frequencies and disease rates differ between population subgroups; (2) pleiotropy, where genetic instruments affect the outcome through >1 intermediate risk factor, though this is not an issue for cisacting SNPs used as instruments for a protein biomarker; (3) linkage disequilibrium, where another polymorphism in close proximity (and in linkage disequilibrium) to the variant of interest, is causing disease through another pathway; and (4) weak instrument bias. Analysis in the WHII was restricted to whites, and principal component analysis revealed no substantial population stratification. In the IMPROVE study, although all individuals were whites, there was population stratification that reflected the geographical location from which the samples were obtained. 22 However, the SNPs used to generate the GLGC genetic scores were also discovered in individuals of European descent from the United States, Europe, or Australia. Therefore, the scores should be applicable to the general European population, and stratification is less likely to be an issue in this MR analysis.
In WHII, lipid measures used in the IV analysis were those from an earlier phase to CIMT measurements because the proportion of statin users at this earlier phase was very low. Analysis using lipid measures from the same phase as the CIMT measures gave similar results (provided on request).
Although the 2 studies differ in design, the consistency of genetic associations with lipid traits across studies of differing design has been a feature of numerous genome-wide association studies. Therefore, we present the effect estimates both separately and combined.
Often genes act on multiple pathways and may, therefore, be associated with multiple intermediate phenotypes, especially those that act as transcription factors for other genes. Some SNPs included in the score may be independently associated with other cardiovascular risk factors, and, therefore, individually they would not be valid instruments. By combining these multiple SNPs into 1 score, the problem of pleiotropy can be reduced. An association with 1 polymorphism could have arisen by chance or confounding, but associations with >1 polymorphism in different genes marking the same exposure are unlikely unless the exposure is causal. 43 Given the large number of lipid genetic variants that have been identified by different studies, it is possible to generate many independent combinations of such variants and from these many independent instrumental variable estimates of the causal effect of exposure of interest on outcome. It is important to note that instrument strength of the Cardiochip genetic scores in WHII are likely to be inflated because of discovery bias. However, both the Cardiochip and GLGC genetic scores, which used only partially overlapping SNP sets, supported the causal association of LDL-C with CIMT in each study. Using 2 different scores containing only partially overlapping SNPs gives us confidence that the results are not biased by the SNP set used, as the 2 instruments are unlikely to be influenced by the same pleiotropy or linkage disequilibrium-induced confounding, and their consistency provides strong evidence against the notion that reintroduced confounding is generating the effect. 44 Both Cardiochip and GLGC LDL genetic scores were stronger instruments than the HDL and TG genetic scores in WHII, and it remains to be seen whether the addition of more SNPs that increase the HDL and TG instrument strength will alter the conclusions based on this analysis. However, it is important to note that all genetic scores had comparable instrument strength in the IMPROVE study, and despite the HDL genetic scores being the strongest instruments in this cohort, causality was only observed for LDL-C.
Our method for generating genetic scores makes several assumptions: additive effects of alleles, no gene-gene interactions, and a linear effect of lipids on CIMT. Although not explored in this work, if these assumptions did not hold, it would be possible to incorporate such knowledge into the model. An alternative to using a composite genetic score as an instrument is to use the SNPs as multiple instruments. Although this may improve the power, the large number of SNPs may potentially create a weak instrumental variable problem. 45 A comparison of the different methodologies would be worthwhile but is beyond the scope of this report.
Conclusion
An MR analysis, using the instrumental variable regression approach, supports a causal association between LDL-C and CIMT, indicating CIMT to be a useful surrogate end point in clinical trials of LDL-lowering medications. Whether HDL-C or TGs are causally associated with CIMT is uncertain. Thus, we conclude that, at present, the suitability of CIMT as a surrogate marker in trials of therapies targeting these lipid fractions is questionable and requires further study.
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